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for flexibility and performance under severe deformation. [8] Carbon nanotubes (CNTs) have been intensely studied as the building blocks to make mechanically strong and highly conductive microfibers due to their impressive mechanical properties and electrical conductivity. [9] The elastic modulus and strength of CNTs are on the order of 1.0 TPa and 50 GPa, respectively, and their electrical conductivity reaches 10 6 S cm −1 for single-wall CNTs and 3 × 10 4 S cm −1 for multiwalled CNTs, respectively. [10] However, such excellent properties cannot be fully employed when they are assembled into microscale structures due to the poor dispersion quality and alignment of the building blocks, and the unsatisfied load transfer between CNTs and a matrix. [11] Dispersing CNT bundles into stable single CNTs in liquid is a challenge for the 3D spinning process due to the severe agglomeration driven by the strong van der Waals forces among CNTs. [12, 13] Covalent modifications can help disperse CNTs. However, it usually destroys the electronic structure of CNTs, leading to lower conductivities and increased cost. [14] Nanofibrillated cellulose (NFC) with diameters in the nanoscale and lengths in the microscale is a promising polymer that can be used as a surfactant due to its amphiphilicity. [15] Hamedi et al. successfully demonstrated CNT dispersion using carboxy-methylated NFC through bath sonication. [15c] Indeed, NFC possesses dimensions similar to CNTs, excellent mechanical properties, large surface area, and a low density. [16] These properties make NFC an excellent building block to fabricate lightweight and strong materials suitable for structural applications, [17] tissue engineering, [18] and energy storage. [19] Introducing nanocellulose in flexible and wearable electronics is getting increased attention. The successful demonstrations include touchscreen panel, [20] transparent light-emitting diodes (LEDs), [21] batteries, [22] and stretchable origami electronics, etc. [23] Based on the properties, NFC was applied as a surfactant to disperse CNTs into water as well as a building block to form strong, conductive microfibers through a 3D-printing process. Figure 1 demonstrates the transformation of NFC-dispersed CNT solution into microfiber network through 3D printing. When the NFC-dispersed CNT solution is extruded out from the head with shear rate, both CNT and NFC are aligned along the microfiber direction. The solvent exchange between water Highly conductive and mechanically strong microfibers are attractive in energy storage, thermal management, and wearable electronics. Here, a highly conductive and strong carbon nanotube/nanofibrillated cellulose (CNT-NFC) composite microfiber is developed via a fast and scalable 3D-printing method. CNTs are successfully dispersed in an aqueous solution using 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) oxidated NFCs, resulting in a mixture solution with an obvious shear-thinning property. Both NFC and CNT fibers inside the all-fiber-based microfibers are well aligned, which helps to improve the interaction and percolation between these two building blocks, leading to a combination of high mechanical strength (247 ± 5 MPa) and electrical conductivity (216.7 ± 10 S cm −1 ). Molecular modeling is applied to offer further insights into the role of CNT-NFC fiber alignment for the excellent mechanical strength. The combination of high electrical conductivity, mechanical strength, and the fast yet scalable 3D-printing technology positions the CNT-NFC composite microfiber as a promising candidate for wearable electronic devices.
Composite Microfibers
Flexible, stretchable, and wearable electronics are attracting increasing scientific and industrial interest in recent studies. [1] The applications are ranging from energy storage such as flexible batteries and supercapacitors to biomedical monitoring such as wearable contact lens. [2] Conductive fiber, serving as an important component in wearable electronics, has gained tremendous attention by virtue of their high flexibility, knittability, and lightweight. [3] 3D printing is a prototyping technology that enables transferring conductive ink into fibers and fiber-based 3D network structures. Successful demonstrations include 3D-printed batteries, [4] embedded electronic sensors, [5] embedded circuits, [6] and supercapacitors. [7] Superb mechanical properties together with good electrical conductivity are necessary in order to meet the requirements www.advancedsciencenews.com www.small-methods.com and ethanol leads to gel fiber formation in the ethanol bath, which takes only a few seconds. The CNT-NFC microfibers with high alignment can be obtained by extracting the gel fibers from the ethanol followed by solvent evaporation. Well-dispersed CNTs are the guarantee for a high-performance microfiber. [12] In our design, NFC was used as a surfactant to disperse CNTs in water. It is pointed out that NFC-enabled CNT dispersion in water is the result of: i) the association between CNT and NFC, and ii) stabilization with the help of NFC due to the steric hindrance and the electrostatic repulsive forces of NFC. There are different explanations about the association between NFCs and CNTs, including mechanical wrapping, the interaction between the hydrophobic sites of CNT and NFC, and the dipoles of sp 2 carbon lattice surface of the CNTs by the fluctuations of the counter ions on the surface of the NFC. [24] We believe that the association is not the single effect of the abovementioned mechanisms but a combination. In our case, hydrogen bonding between the hydroxyl and carboxyl groups on NFC and CNT also contributes, since the CNTs have been acid treated. Figure 2a lists the association between CNT and NFC through mechanical wrapping, hydrogen bonding between the hydroxyl and carboxyl groups on NFC and CNT, as well as the interaction between the hydrophobic sites of CNT and NFC. The CNTs are then stabilized due to steric hindrance of NFC and the electrostatic repulsive forces generated by the charged carboxyl groups. The NFCs were made through 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO) oxidization followed by microfluidization with a diameter of about 20 nm and length in the microscale (Figure 2b ). The zeta potential (ζ) value of the NFC solution was −64.9 mV, which leads to excellent stability of the solution. Without NFC, CNT can be partially dispersed in water by probe sonication due to the existence of carboxylic acid groups. However, large aggregates exist due to strong van der Waals forces between CNTs. [25] With NFC, clear dispersion was obtained, as Small Methods 2017, 1, 1700222 Figure 1 . Schematic to show the CNT-NFC microfiber network formation through 3D printing. Solvent exchange was performed once the NFC-dispersed CNT solution was extruded into the coagulation bath of ethanol, leading to the formation of a stable gel fiber. A dry CNT-NFC microfiber can be obtained after pulling the gel fiber out to dry under tension for tens of seconds. During the process, all the building blocks are highly aligned along the fiber direction. The alignment of both CNT and NFC in microfibers leads to the combination of excellent mechanical strength and electrical conductivity. shown in Figure 2c . This is due to the high electrostatic force of NFC, which prevents the aggregation. To characterize the stability of the dispersion, ζ potential of the NFC-dispersed CNT solution was tested. A ζ value of −54.9 mV was recorded, demon strating good stability of the solution (Figure 2d ). The CNT dispersion method is a potential large scalable method that more than 100 mL solution can be easily obtained in one batch in 30 min. Atomic force micro scopy (AFM) was applied to characterize the NFC dispersed CNT solution. The root-meansquare roughness is 1.5 nm, which indicates good stability of the NFC-dispersed CNT solution. It is difficult to distinguish CNT from NFC from the AFM image ( Figure 2e ) because of their similar morphology. Thus, UV-vis spectroscopy was further employed to study the NFC-dispersed CNT solution. [26] Figure 2f shows that the absorption peak appears at wavelength of about 250 nm, which indicates good dispersion of individual CNTs.
[15c] The viscosity of the NFC-dispersed CNT solution can be tuned by modifying the dispersion concentration through water evaporation. An obvious shear-thinning behavior was observed with the NFC-dispersed CNT solution ( Figure 2g ). The viscoelastic properties of the solution ready for printing were measured under strain sweep mode. Storage modulus was apparently larger than loss modulus when strain was less than 50% ( Figure 2h ). This indicates that the solution is in gel state, and a structural network exists in the system. As the shear strain increases, the storage modulus decreases, mainly due to the network breaking and fiber alignment introduced by shear stress. When shear strain was above 50%, storage modulus was lower than loss modulus, which means that the viscous deformation dominates, and the gel mainly responses liquidlike property. By modifying the viscosity through tuning concentration or introducing shear stress, the NFC-dispersed CNT solution was suitable to make either inks for a printing/writing circuit or to be transferred into high-performance microfibers by 3D printing. Using NFC as a dispersant for CNT dispersion is easy to scale up, and it holds more advantages than CNT dispersion through chemical modification. First, NFC can be extracted from abundant cheap resources, such as wood, cotton, and wheat straw. It is also bioactive because the NFC is biocompatible, and organic solvent is avoided. This makes the dispersion suitable for applications in life science and the disposal is a nonissue. [27] Second, the dispersion of CNT is mainly based on absorption, wrapping, and fluctuation of counterions between the CNT and the NFC. Thus, the electronic structure and conductivity of individual CNT are preserved compared with dispersion by chemical modification. [14,15c] In addition, the NFC remaining in the dispersion is an excellent building block to make strong, lightweight CNT nanocomposites. [24b] 3D printing is a type of rapid prototyping that can achieve almost any complex geometric shape by control. [28] This technique offers possibilities to realize printed 3D structural electronic devices such as capacitors, Li-ion batteries, and sensors. [29] We demonstrated 1D fiber formation through 3D printing based on solvent exchange between ethanol and water. It is well known that CNT is not dispersible both in water and ethanol; [30] thus, NFC was applied to disperse CNT in water while ethanol remained to be a poor solvent.
[15c] Figure 3a shows the conductive fiber fabrication process. The NFC-dispersed CNT aqueous solution was extruded into a coagulation bath of ethanol, where solvent exchange was performed to form a stable gel fiber. Then the gel fiber was pulled out and dried under tension at room temperature. The shear force introduced through extruding, and the tension applied during drying caused the building blocks to align along the fiber length direction, leading to a highly aligned microfiber. [31] Small Methods 2017, 1, 1700222 Figure 3 . a) Schematic to show the fabrication of the microfiber, where the building blocks were prealigned by extruding into the coagulation and further aligned by tension during drying. b) A knot made from a microfiber showing the flexibility. c) Schematic image shows square-wave structure for 3D printing. d) 3D-printed square-wave structure. e) Designed "UMD" shape structure. f) Optical image of the "UMD" pattern precisely carried out through 3D printing. g) Programmable printed three-layered conductive lines with designed shapes. The scale bars in parts (d), (f), and (g) represent 10 mm. h) SEM image of the 3D-printed pattern showing the good adhesion between layers. The yellow arrows point the interface between two layers.
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Good flexibility was demonstrated by making knots readily by hand, as shown in Figure 3b . The diameter of the microfibers decreases a lot during drying due to the solvent evaporation and shrinkage. The microfiber diameter is 19 ± 4 µm when needles with an inner diameter of 150 µm were used. The fiber dia meters can be varied through tuning the syringe needle diameters. More scanning electron microscopy (SEM) images of the microfibers obtained using needles with different diameters are shown in Figure S1 (Supporting Information). 3D squarewave structure can be printed with 1D microfibers as building blocks. The height of the structure is tunable by changing the overlapping number of printed fibers. Figure 3c and Figure 3d present a schematic image and a printed square-wave structural wall transferred from the schematic image, respectively. More complex structures can be achieved by gradually changing the position of the needle. A "UMD" pattern with combinations of circles and lines was first designed on the computer (Figure 3e ). Figure 3f shows that the pattern was carried out precisely. The patterns were preserved after solvent evaporation. Video S1 in the Supporting Information demonstrates the 3D-printing process. Figure 3g shows the printed three-layered conductive line patterns with precisely controlled deposition position. To check the bonding between layers, SEM was carried out after carefully slow drying of the printed pattern where the printed structure is preserved. Figure 3h is the SEM image of the cross section from the printed pattern, indicating a good adhesion between layers. More patterns and SEM images are shown in Figure S2 (Supporting Information) to support the feasibility of 3D printing. The performance such as strength and conductivity for the final product is tunable through a programmable fiber assembly process. This technology has great potential in the fast fabrication of strong conductive electronics.
The performance of the 1D microfiber is the key for the final 3D-structured network for electronic devices; thereby, the microfibers obtained were carefully characterized. Small-angle X-ray scattering (SAXS) was applied to demonstrate the alignment. Due to the shear force during extruding and the tension during drying, CNTs and NFCs were aligned along the microfiber length direction. The shape of 2D SAXS pattern is a footprint of alignment at the nanoscale. A circular shape shows random orientation while an elliptical shape shows the alignment of building blocks. [32] The 2D SAXS pattern of CNT-NFC fiber was in an elliptical shape (in the yellow contour), indicating the alignment in the fiber (Figure 4a) . SEM was performed to provide direct observation of the building block alignment. Figure 4b is the low-magnification SEM image of the fiber showing fiber diameter of about 20 µm. Figure 4c is the high-magnification SEM image showing the alignment of building blocks along the fiber direction. The alignment improves the percolation, and facilitates the stress and electron transfer between building blocks. [33] In microscale, the alignment increases the fiber density, leading to lower defects and thus higher strength. [34] Figure 4d is the typical stress-strain curve of the microfiber. The tensile strength of the microfibers can reach 247 ± 5 MPa. The improvement in mechanical strength was mainly due to the alignment within the fiber and the presence of NFC, which is a strong building block and strengthening agent for the microfiber. The SEM image in the inset of Figure 4d shows that the building blocks are highly aligned along the fiber direction after mechanical testing. Papers were made by filtration of the same dispersion to prove the influence of alignment. In CNT-NFC filtered paper, SAXS patterns show a circular shape in the in-plane direction ( Figure S3a www.advancedsciencenews.com www.small-methods.com random orientation of building blocks. High-resolution SEM proved the random arrangement of building blocks in the planar direction of CNT-NFC paper ( Figure S3b , Supporting Information). After mechanical testing, the average tensile strength of the paper is recorded as 156 MPa with a failure strain of 4.9%. The values are lower than that of the wellaligned microfiber, which is in good agreement with the above statement. Figure S3c (Supporting Information) shows the typical stress-stain curve of the CNT-NFC paper. A pure CNT film was also prepared, which has a tensile strength of 31 MPa. [35] This value is much lower than that of the CNT-NFC film, indicating the reinforcing effect of NFC. The dual alignment of both CNT and NFC in microfibers and the excellent dispersion quality of CNT by NFC also lead to excellent electrical conductivity. A high DC conductivity of 216.7 ± 10 S cm −1 was achieved in the mechanically strong microfibers. Figure 4e shows the typical I-V curve of the microfibers with a diameter of 18 µm. The obtained high-conductive microfibers can be applied in wearable electronic and energy storage devices. [36] Figure 4f shows that an LED was lifted up and lighted by a battery with the mechanically strong and electrically conductive microfiber as a conductive line.
To provide fundamental insight into the role of aligned CNTNFCs for mechanical property improvement in the microfiber, we carry out systematic atomistic modeling as detailed below. In our material system, the CNTs are decorated with carboxyl groups (COOH) due to partial acid treatment. CNTs are well dispersed by NFC, and the CNT-NFC fiber shows strong alignment due to the shear force during extruding and the tension applied during drying. To understand the deformation and failure mechanics of the resulting microfiber, we construct an aligned CNT-NFC-CNT simulation model as shown in Figure 5a . Three single-walled CNTs in the top layer and three single-walled CNTs in the bottom layers are aligned (Figure 5a,b) with three cellulose molecular chains in the middle layer, respectively. To check the role of alignment, we also construct a control simulation model consisting of two layers of CNTs (three CNTs in each layer) in the top and bottom layers along with three cellulose molecular chains in the middle layer but in a direction perpendicular to the longitudinal axis of the CNTs, as illustrated in Figure 5c ,d. This model is termed as the CNT-NFC-CNT not aligned model. Hydrogen bonds can form between the hydroxyl groups (OH), carboxyl groups (COOH) of the NFCs, and the carboxyl groups (COOH) present in the CNT layers. Given that each repeating unit of cellulose molecule contains six hydroxyl groups, it is expected that in the CNT-NFC-CNT aligned model, significant amount of hydrogen bonds can form in between neighboring CNTs and NFCs, much more than those in the CNT-NFC-CNT not aligned model (Figure 5c,d) . Given the ultrahigh strength of individual CNT and NFC, the tensile failure of the microfiber is expected to result from the relative sliding between neighboring CNTs and NFC. We simulate such a failure mechanism by sliding the two CNT layers relative to the NFC layer along the length direction in the CNT-NFC-CNT aligned model. For comparison, we also simulate the sliding of the top and bottom CNT layers relative to the middle NFC layer in the CNT-NFC-CNT not aligned model. Recent studies [31, 35, 37] on tensile failure of cellulose nanopaper (made of a network of NFC nanofibers) and cellulose-graphene oxide hybrid fiber reveal that, due to the facile formation nature of hydrogen bonds, the inter-fiber sliding involves a cascade of events of forming, breaking, and reforming of hydrogen bonds in between neighboring NFC nanofibers. Each hydrogen bond breaking dissipates energy. In sum, significant energy is needed to fracture the nanopaper by inter-fiber sliding (i.e., high toughness of the nanopaper). [38] It is expected that the similar toughening mechanism holds in the CNT-NFC microfiber. Figure 5g plots the variation of total energy during the sliding process for the above two simulation models. Both curves feature a highly zigzag nature, which corresponds to a cascade of events of hydrogen bond forming (curve rising), breaking (curve dropping), and reforming (curve rising again), similar with that in the case of cellulose nanopaper and thus indicating the similar molecular-level toughening mechanism. The amplitude of the zigzags for the CNT-NFC-CNT aligned case is significantly larger (around three times) than that for the CNT-NFC-CNT not aligned case, showing clear evidence of the effect of the alignment on toughening the CNT-NFC microfiber. Figure 5h plots the variation of hydrogen bond energy during the sliding for the two simulation cases. From the difference in amplitude of zigzags in the hydrogen bond energy plots, it is evident that the NFC fibers in the aligned model undergo significantly larger amount of breaking and reforming of hydrogen bonds, and this substantially increases the resistance to sliding-induced mechanical failure of the microfiber, which finds its origin in the facile hydrogen bond formation due to rich hydroxyl groups in cellulose molecules. As a result, aligned CNT-NFC microfibers are effectively strengthened as well. In the CNT-NFC-CNT not aligned model, such breaking and reforming of hydrogen bonds are significantly lower. This can be readily understood as the significantly enhanced interfacial area in between neighboring CNTs and NFC chains if they are well aligned, which, in turn, leads to facile formation of hydrogen bonds between the neighboring CNTs and NFC chains. In other words, a microfiber with well-aligned CNTs and NFCs can dissipate much more energy and requires much higher stress during sliding-induced mechanical failure than a microfiber without CNT-NFC alignment, resulting in the high toughness and strength of the microfiber with good alignment. Also if Figure 5g and Figure 5h are observed closely, it can be seen that both the total energy and the hydrogen bond energy variation of each of the two models are very much similar. This indicates that for each model, majority of the energy, to withstand the tensile failure from sliding-induced loading, indeed stems from the hydrogen bonding. The more the density of hydrogen bonds, the greater the breaking and reforming of hydrogen bonds, and the better the mechanical performance of the material.
We used NFC to dramatically improve the 3D printability and mechanical/electrical properties of CNT microfibers based on the following mechanisms: i) NFC serves as an excellent dispersion agent to effectively disperse CNTs in solution; ii) 1D NFCs and CNTs lead to a high viscosity in dispersion, which is suitable for scalable fiber fabrication methods such as wet spinning and 3D printing; iii) the dual alignment of both CNTs and NFCs in microfibers leads to excellent mechanical strength/ toughness and electrical conductivity at the same time. This work demonstrates that NFC is an excellent enabling material for high-performance microfibers for wearable electronics.
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Experimental Section
NFC Preparation: NFC was fabricated according to the literature. [21] First, calculated TEMPO (78 mg), sodium bromide (514 mg), and neverdried Kraft bleached softwood pulp (5 g) were mixed together. Then, 30 mL of 12% NaClO were added into the mixture slowly to initiate TEMPO oxidation of the cellulose. During the oxidation process, the pH was maintained at 10.5 by adding 1 mol L −1 NaOH. The reaction was run until NaClO was consumed. Agitation was applied throughout the process. After TEMPO treatment, the fibers were washed thoroughly with distilled water and disintegrated into NFC by one pass through a Microfluidizer M-110EH (Microfluidics Ind., USA). The ζ potential was tested using the Zetasizer Nano ZS90 equipment to evaluate the stability of the dispersion. The concentration of NFC for the ζ potential test was 0.3 wt% with a pH value of 7.7 (Malvern Instruments, Malvern, UK). Transmission electron microscopy (TEM) JEOL JEM 2100 (Japan) was employed for the NFC morphology characterization with an accelerating voltage of 200 kV.
CNT Dispersion: CNT powder (P3, Carbon solution Inc.) and NFC were mixed together in water with a weight ratio of 1:1. The dispersion process was performed by tube sonication for 20 min. The solution was centrifuged at the speed of 4000 rpm for 5 min, with the supernatant kept for characterization. The absorbance spectra of the CNT dispersions were obtained with a UV-Vis Spectrometer Lambda 35 (PerkInElmer, USA). The ζ potential was determined using the Zetasizer Nano ZS90 equipment with dispersion pH value of 7.8 (Malvern Instruments, Malvern, UK). AFM was applied to characterize the morphology of NFC-dispersed CNT.
CNT-NFC Microfiber Network Preparation and Characterization:
The spinning solution was NFC-dispersed CNTs without centrifugation. The spinning solution was placed in a syringe connected to a stainlesssteel needle with an inner diameter of 150 µm. Loaded syringes were then mounted in the 3D printer, where the position of the needle could be controlled by a computer program. 3D printing was operated with a bench-top robot (Fisnar F4200n) using a preprogrammed patterning procedure. The ink flow was controlled by an air-powered fluid dispenser (DSP501N, Fisnar) . The nozzle pressure and printing speed were 50 psi and 10 mm s −1 , respectively. The 3D-printing process was performed through extruding the spinning solution directly into ethanol to form gel fibers according to the program. After the solvent exchange, printed stable pattern assembled from gel fibers were formed. The structure was preserved after solvent removal. To get microfibers, the gel fibers were pulled out from ethanol to dry in air. A force was applied at the ends of the fibers to allow the microfibers to dry under tension.
SEM JSM-7600F was used to characterize the morphology of the microfibers. The conductivity was calculated from the current-voltage (I-V) curve. Silver paste was painted at the end of the fiber and used as a contact point. Fiber length and average diameter for tensile testing were measured by optical microscopy. When calculating the conductivity, the fiber was treated as a perfect round shape. SAXS was performed to characterize the fiber alignment with an X-ray wavelength of λ = 0.957 Å and a sample-to-detector distance of 8.422 mm. The beam size was 24 mm × 11 mm (horiz. × vert.), and a single-photon counting detector (Pilatus 1 M, Dectris) having the pixel size of 172 µm × 172 µm was used to record the scattering patterns.
Molecular Simulation Methodology: The molecular simulations were performed using the "Large-Scale Atomic/Molecular Massively Parallel Simulator" open-source package, [39] and the potential used was the ReaxFF potential, which has been developed on the basis of the first principle and is appropriate for carbon-carbon interactions and hydrocarbon oxidation. [40] This potential models the chemical bonding contributions to potential energy by bond order functions based on distances and can break down the total potential energy contribution into several subcategories including an explicit expression for hydrogen bonding. A (5,5) CNT with a length of 5 nm was used in our model. To model the acid-treated CNTs, COOH functional groups were attached to each side of CNTs throughout, that was six number of COOH groups on one face of a CNT and six more on the diametrically opposite face. One NFC chain in our model had five periodic units. The NFCs in the experiment were TEMPO treated. To model that, the CH 2 OH group was replaced at C6 position by a COOH group such that one CH 2 OH group in every periodic unit was replaced by COOH. Two models in total were used and each one of them comprised three layers-top, middle, and bottom. In the CNT-NFC-CNT aligned model, the top layer is with three CNT-COOH structures, the middle layer with three NFC chains parallel to the CNTs, and the bottom layer with three CNT-COOH structures. Bottom and top layers are the same. The CNT-NFC-CNT not aligned model is occupied by CNTs in the top and bottom layers as before but the NFCs in the middle layer are arranged perpendicular to the longitudinal axis of the CNTs. In the atomistic models, the vertical separation distance (in the y-direction) between each layer was kept constant for all cases, which is equal to 0.5 nm. The distance between CNTs center (in the z-direction) was also kept constant for all cases and equal to 0.1 nm. A time step of 0.5 fs was used throughout to make the simulations stable. Total energy and hydrogen bond energy data points were sampled after 200 time steps. The groups in all the layers were modeled as rigid bodies. Pulling was applied to the top and bottom layers at a constant translational velocity of 0.001 Å fs −1 in the x-direction while the entire structures in the middle layer was kept fixed. It was modeled as interactions between rigid structures and the explicit total potential energy and hydrogen bond energy values were obtained from the atomistic simulations.
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